Abstract. The WIND and IMP 8 spacecraft detected a magnetic cloud upstream of Earth's bow shock on January 10{11, 1997 while the INTERBALL{1, MAGION{4, GEOTAIL, and LANL{084 satellites were in the vicinity of the magnetopause and crossed it many times. Based on these multipoint observations we h a v e determined the velocity of the magnetopause motion invoked by the sharp changes of the solar wind dynamic pressure during this event, and also the velocity of propagation of the structures connected with the magnetic cloud through the magnetosheath. Using the determined velocities, we tried to nd the spatial orientations and dimensions of the observed disturbances. The estimated orientation of the interplanetary shock driven by the magnetic cloud is interpreted as a consequence of the local deformation of the cloud surface. The timing of measurements made by the aforementioned satellites suggests that the strong density enhancement behind the magnetic cloud is limited in spatial extend. We attribute this enhancement to the interaction of the magnetic cloud with the ambient solar wind plasma. 
Introduction
The disturbances of the interplanetary magnetic eld (IMF) and solar wind parameters connected with magnetic clouds provide an excellent opportunity to study the propagation of such disturbances through interplanetary space and to investigate the corresponding response when they hit the magnetosphere. For such a study, w e h a v e used data from ve Earth{orbiting spacecraft in dierent locations of geospace during the January 10{11, 1997 event. Our paper aims at the determination of the position and velocity of the magnetopause under such u n usual conditions, the estimation of the velocity of propagation of great disturbances through the magnetosheath, as well as at the assessment of the shape and dimensions of the observed disturbances.
Event O v erview
We begin analysis of the January 1997 coronal mass ejection (CME) event shortly before 0100 UT on January 10, when an interplanetary shock w as observed by the WIND spacecraft. The shock w as followed by a structure that has been identied as a magnetic cloud according to the WIND solar wind plasma and IMF data.
During this day the B Z component of the interplanetary magnetic eld turned strongly southward ( 15 nT) at about 0430 UT and then rotated slowly back t o B Z 0 o v er a period of some 12 hours, and then continued rotating to a strongly northward orientation during the next 8 hours, reaching a maximum value of B Z 25 nT. While the IMF was northward (January 11, 0100 UT), the solar wind ion density became very large (about 150 cm 3 ), although the solar wind velocity remained at rather moderate values (about 450 km/s). The extremely large changes of the dynamic pressure in coincidence with the signicant v alues of the positive B Z IMF component gave rise to very large momentum ux values incident upon the magnetopause (MP), pushing the MP many times inside the orbits of both INTERBALL{1 and MAGION{4 during this long time interval.
Observations
We h a v e concentrated our attention on two subintervals (January 10, 0000-0400 UT and January 11, 0000-0300 UT) because these intervals are characterized by sharp changes of the solar wind density and the data from many spacecraft are available. Coordinates of the spacecraft which observed the MP crossings (GEOTAIL, INTERBALL{1, MAGION{4, LANL{084) for both time intervals are plotted in Figure 1 Figure 1 together with the position of the magnetopause estimated according to the Shue et al. [1997] model. It should be noted that during the rst time interval (January 10 -thin line and open marks) all depicted satellites were located near the ecliptic plane, but during the second interval (January 11 -thick line and solid marks), the INTERBALL satellites were 5:6 R E north of the ecliptic plane.
In general, the model predicted all the observed MP crossings rather well; the slight disagreement b e t w een the predictions and observations may be due to the large Y GSE distance of the WIND spacecraft which has been used as the solar wind monitor (X GSE = 8 5 R E ; Y GSE = 59:4 R E ; Z GSE = 3:4 R E on January 10 and X GSE = 9 3 : 5 R E ; Y GSE = 57 R E ; Z GSE = 4:5 R E on January 11). We h a v e examined other models in Nikolaeva et al. [1997] , but the Shue et al. [1997] model seems to be a good approximation to the MP position for a broad range of coordinates and conditions in geospace.
The MAGION{4 and INTERBALL{1 positions cannot be distinguished in Figure 1 due to their short separation (X GSE = 470 km, Y GSE = 200 km and Z GSE = 4500 km on January 10; X GSE = 4800 km, Y GSE = 6400 km and Z GSE = 4000 km on January 11); nevertheless, the timing of the observations of these two spacecraft allows us to calculate the velocity of magnetopause motion. The simultaneous measurements of the multiple magnetopause crossings are shown in Figure 2 . According to the ion Figure 2 density and magnetic eld data, four MP crossings on January 10 can be identied in the MAGION{4 and INTERBALL{1 observations , the rst of them being attributed to the interplanetary shock registered by WIND at 0053:25 UT. Other crossings have no such clear \source" in the solar wind but we suppose that they are connected with smaller uctuations of the solar wind dynamic pressure (the top panel in Figure 2) . Table 1 provides an overview of the magnetopause motion velocities calculated for the crossings in Figure 2 . The velocity calculation is based on the assumption that the magnetopause moves along its normal, which is determined by minimum variance analysis of the magnetic eld data. However, it should be noted that these normals are nearly the same as the normals to the model MP surface for all crossings in Table 1 .
The last row o f T able 1 shows the parameters of the MP crossing observed as a result of the sharp enhancement of the ion density observed by WIND on January 11 at 0054:30 UT. A comparison of the last two columns of Table 1 leads to the conclusion that the largest changes of solar wind dynamic pressure result in the fastest magnetopause motion. The velocity is surprisingly large; it is larger than the magnetosonic speed and even than the solar wind speed in the last case. However, since a projection of the spacecraft{separation vector onto the normal direction is in the order of thousands of km and the corresponding time delay w as determined from high{time resolution ion ux measurements (0.02 s for INTERBALL{1 and 0.25 s for MAGION{4), the error in determination of the magnetopause velocity cannot exceed 25%. Similar results were obtained for other cases (the magnetic cloud on October 18, 1995, etc.) not shown in this study. T h us, we suppose instead that the assumptions of the minimum variance technique do not hold and the direction of the magnetopause normal obtained by this method is not realistic for big pressure jumps. Nevertheless, for our further analysis of the event it is important to assume that the high velocity of magnetopause motion and the short distance between the spacecraft and the magnetopause (see Figure 1 ) allow us to suppose that the time of the magnetopause crossing coincides with the arrival time of the disturbance at the nearest point o f t h e magnetopause. The observed time delay b e t w een the GEOTAIL and INTERBALL magnetopause crossings can be attributed to the time of propagation of the disturbance from the subsolar point (the GEOTAIL location) to the ank (both INTERBALL satellite locations). To determine the velocity of the disturbance propagation, we should rst estimate the orientation of the discontinuity with respect to the spacecraft separation vector because the satellites are separated by 2 9 R E in the Y GSE direction.
At 0053:25 UT on January 10 (0110:25 UT on the time{shifted data of Figure 2 ), WIND registered a density jump from 6.4 to 15.5 cm 3 accompanied by a v elocity change from 385 to 405 km/s. This jump resulted in the magnetopause crossings registered by GEOTAIL at 0106:20 UT (8.2, -6.2, 1)R E and by INTERBALL{1 at 0115:15 UT (-18.7, 21, 4)R E . The velocity of propagation of this jump obtained from the continuity equation is 420 km/s; i.e., only slightly higher than the solar wind speed. Taking into account the time of propagation of the disturbance from the WIND to the GEOTAIL locations, and assuming propagation along the X GSE axis with a velocity of 420 km/s, we can transform the GEOTAIL coordinates into the WIND frame. The result is shown as G 1 in Figure 3 . In our calculations, we h a v e neglected a possible Figure 3 deceleration of the shock in the subsolar magnetosheath because in this location the magnetosheath is thin and the corresponding time delay w ould be small. A similar procedure (again neglecting the magnetosheath thickness) leads to the INTERBALL{1 coordinates denoted as IB 1 in Figure 3 . The resultant edge of the disturbance as observed at GEOTAIL and INTERBALL{1 is plotted as a dotted line. As such a sharply{curved surface of the interplanetary shock can hardly be realistic, we suppose instead that the disturbance proceeds from the bow shock t o w ard INTERBALL{1 with a velocity dierent from that in the solar wind. If the distances from the bow shock are 20R E for INTERBALL{1, and 4R E for GEOTAIL, and the disturbance propagates with the magnetosheath velocity as measured by INTERBALL{1
( 250 km/s), we obtain the positions denoted as G 2 and IB 2 in Figure 3 and thus a locally{planar surface of the interplanetary shock. This estimation does not account for the spatial changes of the magnetosheath velocity which follow from Spreiter et al. [1966] but corresponding errors would be within the range of experimental uncertainties because the WIND and GEOTAIL data with 1 min time resolution have been used.
Although a general expectation of the magnetic clouds radially expanding from the Sun leads to the assumption of an edge nearly perpendicular to the Sun{Earth line, in our case the determined edge is declined by 3 1 o from the expected direction. As the disturbance is an interplanetary shock, we can determine its orientation from the magnetic eld measurements and the coplanarity theorem. Taking 5 min averages in front of and behind the shock, we obtain a 34 o angle between the shock normal and the X GSE axis. This value is in very good agreement with the value determined from the geometrical estimation above. b Maximum width of the density enhancement (see caption in Figure 4 ).
During the passage of the back edge of the magnetic cloud (January 11, 0200 UT) the situation was more complicated. Figure 4 presents proton densities as observed Figure 4 by the WIND, INTERBALL{1 and IMP 8 spacecraft. IMP 8 and WIND were in the solar wind, GEOTAIL (not shown in the gure) was in the magnetosheath, and INTERBALL{1 crossed the magnetopause. The solar wind velocity, as observed by WIND, was nearly constant ( 410 km/s), the magnetosheath velocity as measured by the INTERBALL{1 was 290 km/s, and there was no change of the IMF at WIND in this time interval. The spacecraft coordinates and the times of observation of the edges of the density enhancement are given in Table 2 .
We can expect that the density enhancement propagates from WIND to IMP 8 with the solar wind velocity because there is no dierence in the velocity inside and outside the structure. The timing of observations allows determination of the angles between the edges of the disturbance and the X GSE axis (78 o for the leading edge and 48 o for the trailing one). The same result is obtained if we use the WIND and GEOTAIL or INTERBALL{1 observations (Table 1 ) and the assumption that the disturbance proceeds through the magnetosheath with the velocity of the magnetosheath plasma ( 290 km/s).
The fact that the edges are strongly divergent suggests a spatial limitation of the structure in the direction perpendicular to the ion ow. A simple extrapolation of the edges leads to a spatial extent of about 100 R E along the +Y GSE axis. The extent along the X GSE direction calculated from the enhancement duration varies from 240 R E at Y GSE = 59:4 R E (WIND position) to 150 R E at Y GSE = 3 1 R E (IMP 8 position). This implies that the enhancement could be shaped like a w edge pointed in the +Y direction or like a bubble. On the other hand, the SOHO spacecraft, which w as located Y GSE 95 R E , registered a smaller enhancement of the proton density during this event [Ipavich et al., 1997] . This suggests spatial limitation of the structure in the Y GSE direction and a closed shape for this structure. The spatial limitation of the structure indicates that it could not have its origin on the Sun because it is not bounded by magnetic barriers and thus it should disappear due to the internal thermal pressure. A possible explanation for its origin is the interaction of the magnetic cloud with the fast stream which, according to the WIND measurements, follows the magnetic cloud.
Summary and Conclusions
Multipoint observations that are now a v ailable can provide qualitatively new information about the local geometry of magnetic clouds and on their interaction with the Earth's magnetosphere. The results of our study show that:
Sharp and large changes of the solar wind dynamic pressure result in fast magnetopause motion along its normal. This value is consistent with the direction of the shock normal computed from the coplanarity theorem (34 o ). The observed declination of the shock normal from the Sun{Earth line is much higher than that determined for the October 18{19, 1995 magnetic cloud .
The density enhancement behind the magnetic cloud (January 11, 1997) exhibits a dierent orientation at the leading and trailing edges. This indicates that the observed disturbance is probably spatially limited. Disturbance dimensions on the order of 200 R E across the Sun{Earth line could explain the fact that the density enhancement w as smaller at the position of the SOHO spacecraft.
The timing of the IMP 8, GEOTAIL and INTERBALL{1 observations is consistent with the expectation that the interplanetary shock o n J a n uary 10, 1997 as well as the density enhancement on January 11, 1997 proceeds through the magnetosheath with the velocity of the magnetosheath plasma. This result is conrmed by the analysis made in Nikolaeva et al. [1997] , where the LANL{084 geosynchronous satellite data are included.
Our interpretation of the event geometry is based on the assumption that the structures in the solar wind are locally planar at 1 AU on the scale of 100 R E . The location of the spacecraft allows us to investigate the geometry of the event in the ecliptic plane only, but we hope that in the future we will be able to carry out a similar tracing of other events to resolve a full 3D structure. data indicates an estimation of the maximum density based on examination of the plasma spectra and one point which could be properly analyzed. of the maximum density based on examination of the plasma spectra and one point which could be properly analyzed.
